Introduction
============

Neurons have the amazing ability to self-assemble into highly organized circuits. These circuits give rise to our perceptions, thoughts and emotions, and determine how we experience our world. Disorders in neural development, therefore, can often compromise the quality of life. To date, there are no cures for prevalent neurodevelopmental disorders such as autism, epilepsy and schizophrenia, and there are many gaps in what is known about the underlying causes of these conditions. Animal models that allow for a disorder to be studied at multiple levels, from molecules to behavior, can provide a more complete understanding of the associated gene locus and underlying mechanism(s), thereby promoting the design of novel approaches for treatment and prevention.

The *Xenopus laevis* tadpole possesses many qualities that make it a powerful model to study disorders of the developing nervous system. First and foremost, essentially every stage of normal neural development, from neurogenesis and differentiation to axon pathfinding, synapse maturation and circuit refinement, has been studied in detail in *Xenopus* tadpoles ([@b24-0061057]; [@b124-0061057]). Such a detailed understanding of normal developmental processes is invaluable when seeking to determine how they can malfunction. Compared with mammalian neural circuits, those of the tadpole are simpler, yet homologous in their basic organization. For example, in the tadpole retinotectal circuit ([Fig. 1](#f1-0061057){ref-type="fig"}), retinal ganglion cells (RGCs) in the eye project their axons to the brain, where they synapse onto tectal neurons in the contralateral optic tectum ([@b46-0061057]; [@b130-0061057]), a midbrain structure that is homologous to the mammalian superior colliculus. The RGC axons form a highly organized topographic map within their target structure, with neighboring RGCs making synapses onto neighboring tectal neurons. This mirrors what is observed in many mammalian sensory circuits, including those within the human nervous system. Furthermore, as in most mammalian excitatory synapses, RGC axons release glutamate, and tectal neurons express AMPA and NMDA glutamate receptors ([@b147-0061057]). Building on the contributions of the *Xenopus* model to the field of embryology, many aspects of *Xenopus* neural circuit development have been carefully studied, and meticulously described across the key developmental stages. For instance, it is well established that the axons of the RGCs reach the tectum at around developmental stage 39 \[4--5 days post-fertilization (dpf)\] ([@b62-0061057]; [@b37-0061057]), that the most dynamic phase of circuit formation -- both morphologically and functionally -- occurs between stage 44 and 47 (7--10 dpf), and that by stage 49 (∼16--24 dpf) the circuit becomes more refined and stable ([@b122-0061057]; [@b26-0061057]; [@b111-0061057]).

![**The *Xenopus* tadpole as a research model, shown with key experimental techniques that are used to differentiate between normal and abnormal patterns of neural development.** (1) Top: view of the animal at ca. 3 weeks post-fertilization. Several behavioral tests can be used to assess brain development: for example, wild-type animals usually swim along the sides of the container (represented by a circle; bottom), whereas animals with altered excitation/inhibition balance tend to circle in the middle of it. (2) Top: general view of the brain. OB, olfactory bulbs; OT, optic tectum; HB, hindbrain: SC, spinal cord; red, projections from the retina; green, tectal projections to the hindbrain; blue, descending projections to the spinal cord. An isolated brain provides an accessible *in vitro* preparation, and whole-brain immunostaining (bottom) can be used to quantify global alterations in brain biochemistry (an exaggerated staining for GABA is shown). (3) Top: horizontal section of the optic tectum (OT) and caudal forebrain (FB); at this level, Ca^2+^ imaging can be used to detect abnormal seizure-like patterns of activity (bottom). (4) At the neuron level, *in vivo* or *ex vivo* imaging allows assessment of cell morphology development. (5) At the synaptic level, electrophysiology offers a way to quantify maturation of synaptic and intrinsic properties of the cell through recordings of (a) evoked synaptic responses, (b) spiking in response to current injections and (c) spontaneous synaptic activity. The figure is inspired by experimental data published in the following papers: ([@b3-0061057]; [@b11-0061057]; [@b121-0061057]; [@b111-0061057]; [@b60-0061057]; [@b15-0061057]; [@b61-0061057]; [@b133-0061057]; [@b8-0061057]; [@b95-0061057]; [@b97-0061057]).](DMM012138F1){#f1-0061057}

Experimentally, *Xenopus* tadpoles pose many advantages. Because of their transparency, and the extreme dorsal location of the brain, the axons and dendrites of single living neurons can be imaged *in vivo* ([@b55-0061057]; [@b120-0061057]; [@b28-0061057]; [@b84-0061057]; [@b38-0061057]) and, better yet, in awake animals ([@b20-0061057]; [@b64-0061057]). Time-lapse imaging of radial glia in the tectum has provided the first *in vivo* description of how neural activity affects the structure and function of these cells ([@b138-0061057]), and advances in morphometric software ([@b83-0061057]; [@b20-0061057]) have allowed for an improved ability to track and measure all processes in 3D across short intervals over long periods of time ([@b64-0061057]). Furthermore, calcium imaging in tadpoles can be carried out readily ([@b136-0061057]; [@b73-0061057]; [@b148-0061057]), including *in vivo* recordings from intact awake animals ([@b20-0061057]; [@b109-0061057]; [@b68-0061057]). Expression of genes of interest can also be achieved *in vivo*, using electroporation-based protocols ([@b52-0061057]; [@b53-0061057]; [@b11-0061057]), or by mRNA injection into appropriate cells of the early embryo ([@b35-0061057]). Because of the relatively high permeability of the tadpole blood-brain barrier, pharmacological manipulations of the nervous system are usually achieved by simply adding the pharmacological agent to the tadpole rearing solution. Electrophysiological techniques have been successfully employed in *Xenopus* to quantify network connectivity ([@b111-0061057]; [@b83-0061057]; [@b112-0061057]; [@b134-0061057]), synaptic maturation ([@b147-0061057]; [@b5-0061057]; [@b2-0061057]; [@b33-0061057]; [@b76-0061057]), synaptic plasticity ([@b42-0061057]; [@b99-0061057]; [@b113-0061057]; [@b141-0061057]) and cell intrinsic properties ([@b4-0061057]; [@b111-0061057]; [@b146-0061057]). The behaviors controlled by corresponding neural circuits, including several types of escape behaviors ([@b118-0061057]; [@b144-0061057]; [@b39-0061057]; [@b126-0061057]), orienting reflexes ([@b114-0061057]; [@b127-0061057]; [@b133-0061057]) and social behaviors ([@b75-0061057]; [@b143-0061057]), have been well described, and can be experimentally manipulated ([@b90-0061057]; [@b72-0061057]; [@b144-0061057]; [@b127-0061057]; [@b39-0061057]; [@b133-0061057]). To sum up, these experimental approaches enable developing neural circuits to be examined at the molecular, cellular and behavioral levels -- all in the same organism ([Fig. 1](#f1-0061057){ref-type="fig"}). Moreover, humans are genetically closer to *Xenopus* than to similar model organisms, such as zebrafish, because teleosts (the ray-finned fishes) are known to have divergent and highly specialized genomes ([@b110-0061057]; [@b100-0061057]; [@b115-0061057]). Combined with the relatively low cost of housing, large number of embryos generated from one mating, and the ease of embryologic ([@b32-0061057]; [@b54-0061057]; [@b104-0061057]) and surgical ([@b30-0061057]; [@b44-0061057]; [@b96-0061057]; [@b41-0061057]) manipulations, these qualities render *Xenopus* an ideal model for neurodevelopmental research.

In this Review, we first highlight how tadpoles have been used as a model for assaying the effects of environmental chemicals on neurodevelopment, and how the model itself has evolved and been refined over the years. We then describe a recently designed tadpole model of epileptic seizures that has already led to the finding of a built-in protective mechanism that is activated in response to a seizure. Finally, we present a new and exciting tadpole model to study autism.

Characterizing the effects of environmental toxicants on development in a tadpole model
=======================================================================================

During development, neural circuits can be particularly sensitive to chemicals in the environment. In humans, for example, doses of methylmercury that are neurotoxic to the embryonic central nervous system (CNS) have no effect on the maternal CNS ([@b17-0061057]). Similarly, exposure of the developing nervous system of a rat pup to lead (a heavy metal) often results in encephalopathy, whereas the mature rat brain remains unaffected when exposed to the same amount of lead ([@b63-0061057]). Thus, chemicals in the environment that are deemed to be innocuous to the adult CNS can be harmful to a developing brain.

Having been used for decades by researchers in academia as well as the US government's Environmental Protection Agency (EPA) to assay toxic and teratogenic effects of environmental chemicals, the *Xenopus* tadpole is not new to the field of embryotoxicology ([@b40-0061057]; [@b34-0061057]; [@b116-0061057]; [@b9-0061057]). The tadpole has served as a workhorse for these studies mostly because their metamorphosis from tadpole to frog depends entirely on thyroid hormone (TH) ([@b31-0061057]), and, in turn, one of the most prevalent environmental contaminants are the TH inhibitors, a major class of endocrine disruptors. In the tadpole, if TH action is inhibited, metamorphosis stalls, whereas exposure to TH in pre-metamorphic tadpoles induces precocious metamorphosis ([@b58-0061057]). Because the progression of metamorphosis is well described and obvious, alterations can be readily identified. Hence, this became a convenient way to test many classes of chemicals for their ability to disrupt TH activity ([@b51-0061057]; [@b137-0061057]; [@b18-0061057]; [@b89-0061057]). One of the major targets of TH, however, is the brain, where disruption of normal TH activity can lead to neurodevelopmental defects ([@b151-0061057]). Given that it is unlikely that the more subtle defects associated with neurodevelopment (such as incomplete synapse refinement for example) would disrupt the relatively gross changes associated with metamorphosis (such as loss of the tail, emergence of limb buds and formation of lungs), disorders in nervous system development could go undetected. Thus, it was necessary to develop a more sensitive molecular approach for the identification of neural-specific molecular markers that are associated with TH disruption. Experiments using quantitative reverse transcriptase PCR (qRT-PCR) revealed that the TH inhibitors methimazole and perchlorate alter neural TH receptor expression in brain tissue of stage-54 tadpoles ([@b149-0061057]). Furthermore, in a detailed study combining cDNA array analysis and qRT-PCR, perchlorate was found to significantly increase the expression of several neural mRNAs ([@b58-0061057]), including the mRNA for β-amyloid precursor protein, a protein whose improper processing has been highly implicated in Alzheimer's disease, and mRNAs that encode for myelin basic protein and myelin proteolipid protein, both of which are major components of the myelin sheath that insulates axons and facilitates appropriate action potential conduction. The effects that these perchlorate-induced increases in mRNAs could have on the developing tadpole brain, however, remain unknown.

Advances in both imaging and electrophysiological approaches have enabled the tadpole to become a powerful *in vivo* model for investigating, at a high resolution, how environmental chemicals can affect developing neurons. For instance, a study using the *Rana pipiens* tadpole has shown that chronically exposing tectal neurons to low, sub-micromolar levels of lead decreases both RGC axon arbor area and branchtip number. The same group showed that acute lead exposure weakens synaptic transmission between RGC axons and tectal dendrites ([@b25-0061057]). More recently, the *Xenopus* tadpole was used to characterize the effects of sub-lethal concentrations of methylisothiazolinone (MIT; a biocide commonly used in several cosmetics, including shampoo) on many aspects of nervous system function ([@b128-0061057]). For example, overall visual system function was tested using protocols designed to characterize tectum-dependent and thalamus-dependent visual behaviors ([@b39-0061057]). MIT-exposed tadpoles displayed deficits in only the tectum-dependent visual behavior, suggesting a malfunction in retinotectal synaptic transmission. Although no differences were observed in synaptic transmission between RGC inputs and tectal neurons in the MIT-treated tadpoles, the pattern of the recurrent tecto-tectal connectivity -- which is activated by RGC inputs -- ([Fig. 1C](#f1-0061057){ref-type="fig"}) was altered in a way that suggests lack of circuit refinement. At the single-neuron level, no differences in intrinsic excitability and synaptic strengths were observed in MIT-treated tadpoles ([Fig. 1D](#f1-0061057){ref-type="fig"}). In summary, the deficits in tectum-dependent visual behavior and unrefined tecto-tectal connectivity, combined with the absence of noticeable changes in intrinsic or synaptic properties, suggest that chronic MIT exposure causes problems at the circuit level and not at the single-cell level. For neurotoxicology research, this study exemplifies how chronic exposure to concentrations of a chemical with no noticeable effects on either survival or morphology can still compromise a developing neural circuit. Overall, this study demonstrates the level of detail at which neurons and neural circuits can be assayed using the *Xenopus* tadpole, and, more specifically, how a deficit in a behavior can be tracked down and studied at the circuit and single-neuron level.

A tadpole model for epileptic seizure
=====================================

In addition to environmental toxins, developing circuits are particularly susceptible to epileptic activity. A protocol to reliably induce controlled seizures in the *Xenopus* tadpole has been developed ([@b60-0061057]) and has already led to a fundamental insight into how endogenous polyamines can play a neuroprotective role in response to an epileptic seizure ([@b8-0061057]).

The development of the tadpole model for studying epileptic seizures began with a detailed characterization of the ability of several different classes of chemoconvulsants to reliably induce seizures in stage-47 tadpoles. Several different classes of known convulsants were tested: GABA-receptor antagonists \[pentylenetetrazole (PTZ), picrotoxin and bicuculline\], glutamate receptor agonists (kainate), muscarinic receptor agonists (pilocarpine) and potassium channel inhibitors (4-aminopyridine) ([@b60-0061057]). All of these convulsants seemed to produce a common type of behavioral seizure in tadpoles. The behavior commences with intermittent bouts of rapid swimming, followed by immobility, deviations from the normal head-down tail-up posture, and lateral movements of the head, followed ultimately by full-blown seizure behavior -- C-shaped contractions evoked by abnormal unilateral axial muscle contractions that are so strong that they result in the entire tadpole displaying a stereotypical 'C' shape. Because all of the different classes of convulsant induced the same type of seizure, it was concluded that this is a 'true' seizure rather than the effects of a particular drug on motor function. The GABA receptor antagonist PTZ was determined to be the optimal chemoconvulsant for the tadpole seizure model because it reliably induces the stereotypical C-shape contractions at doses that are neither lethal nor toxic, and *in vivo* field potential recordings in the optic tectum revealed robust epileptiform activity, i.e. high-amplitude spiking, in response to PTZ application. This epileptiform activity can be blocked completely by administration of the anti-epileptic drug valproate. An advantage of this model is that immobilization of the tadpole for electrophysiology or imaging experiments can be achieved using reversible paralytics or agar immersion, thereby allowing seizures to be studied in the absence of anesthetic agents ([@b60-0061057]).

In a recent study by Bell et al. ([@b8-0061057]) involving a protocol consisting of two consecutive PTZ-induced seizures and a combination of behavioral, electrophysiological and pharmacological experiments, it was shown that the first initial PTZ-induced seizure in a tadpole increases the production of polyamines \[an observation that had also been reported in a rodent seizure model ([@b57-0061057])\]. Elevated polyamine levels were found to boost the production and release of the inhibitory transmitter GABA, which rendered tadpoles less prone to future seizures. Similarly, exposing tadpoles to enhanced visual stimulation led to increased GABA levels in the tectum, providing another compelling example of how GABA can function in a homeostatic manner in response to abnormally high levels of circuit activity ([@b97-0061057]).

Tadpole models for the study of autism spectrum disorders
=========================================================

Autism spectrum disorders (ASD) are paradoxical: the syndromes within this group present with a highly recognizable set of symptoms, yet they can be caused by a diverse array of genetic abnormalities and environmental insults, such as prenatal infection, hormonal exposure and teratogens ([@b102-0061057]; [@b1-0061057]). Mutations in more than 40 genes have been shown to increase susceptibility to ASD, yet none of these mutations are completely penetrant, i.e. cause ASD with 100% probability ([@b85-0061057]; [@b101-0061057]). Furthermore, although the defining symptoms of ASD, such as deficits in language, social interactions and personal interests are manifested at the highest cognitive levels, the etiology of ASD has been linked to abnormalities in surprisingly fundamental aspects of nervous system functioning and development. This includes defects in synaptic plasticity ([@b77-0061057]; [@b93-0061057]; [@b13-0061057]), inhibition/excitation balance ([@b108-0061057]; [@b92-0061057]; [@b91-0061057]), microcircuitry organization ([@b47-0061057]) and neuron-glia interactions ([@b1-0061057]), as well as long-range underconnectivity and local overconnectivity, as a consequence of altered axon guidance and dendritic arborization ([@b117-0061057]; [@b47-0061057]). These features suggest that ASD represents a uniquely human response to a broad class of developmental dysregulations ([@b107-0061057]) and, therefore, the mechanisms of ASD are likely to be successfully addressed in animal models not necessarily capable of expressing most behavioral and cognitive symptoms of ASD ([@b106-0061057]). These animal models would include mammals, but also fish ([@b139-0061057]; [@b74-0061057]), birds ([@b105-0061057]), insects ([@b45-0061057]) and amphibians.

With this in mind, a successful experimental approach in *Xenopus* would entail looking directly at the changes caused by known ASD-associated developmental perturbations at the cellular and network levels. One of the unique benefits of the tadpole is the ease at which gene expression can be altered in individual neurons, and the convenience of registering the consequences of these perturbations *in vivo*, allowing a way to differentiate between cell-autonomous and network-level effects of ASD-associated mutations. As a good example, when a wild-type human *MeCP2* gene \[a mutation in this gene causes Rett syndrome in humans, and is strongly comorbid with ASD ([@b123-0061057])\] was overexpressed in *Xenopus* tectal neurons *in vivo*, these neurons were found to develop fewer, albeit longer, dendrites compared with normal tectal cells ([@b95-0061057]). Hence, in *Xenopus*, as in humans and rodents, variations in *MeCP2* activity cause redistribution between close- and long-range network connections, which is one of the landmark circuit abnormalities in ASD ([@b47-0061057]). This work also illustrates that key transcription regulators are sufficiently conserved between *Xenopus* and humans ([@b7-0061057]), allowing the human *MeCP2* gene to interact ([@b95-0061057]) with native *Xenopus* pathways ([@b131-0061057]).

Although not every gene linked to ASD in humans ([@b1-0061057]; [@b101-0061057]) has been identified and studied in *Xenopus* thus far ([@b59-0061057]), a large proportion have been; see [Table 1](#t1-0061057){ref-type="table"} for a list. Among all ASD-related genetic conditions, the one that is most researched in a *Xenopus* model is Fragile X syndrome, which is linked to the deactivation of a single gene, *FMR1* ([@b1-0061057]; [@b81-0061057]; [@b13-0061057]). The tadpole can be easily employed for studying associated network pathology via single-gene manipulation in the developing embryo. It has already been shown that manipulation of the *fmr1* gene in the developing *Xenopus* embryo disrupts proper somite formation ([@b66-0061057]), and it will be interesting to observe how altered *FMR1* expression affects developing neural circuits in humans. The Fragile-X-related genes are well described in *Xenopus* (both *X. tropicalis* and *X. laevis*), with frogs having fewer homologs within the gene family (*fmrp* and *fxr1p*) ([@b86-0061057]) than do humans (*FMRP*, *FXR1P* and *FXR2P*), as well as fewer isoforms per gene ([@b65-0061057]). Even so, it has been demonstrated that antibodies to human FMRP and FXRP proteins are effective against *Xenopus* proteins ([@b14-0061057]; [@b65-0061057]), and that expression of human *FMRP* or *FXRP* rescues *fmrp* and *fxr1p* knockdown phenotypes in *Xenopus*, respectively ([@b65-0061057]; [@b48-0061057]).

###### 

Genes that are linked to ASD in humans, and that have been identified and studied in *Xenopus*
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Neuroligins and neurexins (synaptic adhesion proteins), together with Shank and PSD-95 scaffolding proteins, make up another functional group of proteins that share high degrees of homology between *Xenopus* and mammals ([@b67-0061057]; [@b19-0061057]; [@b49-0061057]), have mutations in corresponding genes linked to ASD in human patients ([@b71-0061057]; [@b43-0061057]; [@b91-0061057]), and have been successfully studied in *Xenopus*. When neuroligin-1 function was disrupted in *Xenopus* tectal neurons by either overexpression of mutant forms of mouse *Nlg-1*, competitive saturation of native Nlg-1 extracellular domains with soluble neurexin motifs, or a knock-down of native *Nlg-1* with morpholinos, the dendritic tree maturation profile for these neurons was altered. Specifically, the tectal neurons failed to establish new synapses with RGC axons, demonstrated higher motility of dendritic filopodia, and had a simplified and immature dendritic arbor morphology overall ([@b19-0061057]). Moreover, by comparing effects of these perturbations on the dynamics of dendritic arbor development, the authors managed to convincingly reconstruct the pattern of protein interactions occurring during filopodia stabilization and synapse formation. This work provides another example of how *in situ* time-lapse imaging in a live tadpole brain ([@b12-0061057]; [@b64-0061057]) can be combined with genetic manipulations ([@b11-0061057]; [@b10-0061057]; [@b84-0061057]) and electrophysiology ([@b111-0061057]) to dissect the functional role of target synaptic proteins and their influence on network formation ([@b18-0061057]).

Finally, *Xenopus* modeling can help us to probe the link between ASD and immune activation in the brain ([@b36-0061057]). Although increases in glia activation and levels of pro-inflammatory cytokines have been observed in individuals with ASD, it is unclear whether these phenomena contribute to the cause, or are a consequence of the disorder ([@b29-0061057]). When tadpoles were chronically exposed to interleukins (IL-1β, IL-6) or tumor necrosis factor (TNFα), tectal neurons were overconnected (based on the electrophysiological evidence), synapses seemed more mature (based on the AMPA:NMDA ratio), and animals had abnormal sensory processing, and were susceptible to seizures ([@b80-0061057]), confirming that immune activation alone can trigger some components of the ASD phenotype.

Conclusions
===========

Overall, these experiments underscore the power of the tadpole model in addressing a question from the molecular to the systems level ([Fig. 1](#f1-0061057){ref-type="fig"}). As discussed in the Introduction, there are many factors that make the *Xenopus laevis* tadpole a particularly well-suited model for studying neurodevelopmental disorders. The only major weakness of the *X. laevis* model is that, because this species is tetraploid, meaning that they carry four copies of each gene, genetic manipulations are relatively difficult compared with manipulations of diploid genomes. Recent advances in transgenic techniques have made it possible to generate transgenic *X. laevis* tadpoles ([@b78-0061057]). These transgenic tadpoles have been used with much success ([@b78-0061057]; [@b94-0061057]; [@b135-0061057]), a relevant example being the generation of tadpoles that expressed dominant-negative TrkB (BDNF/neurotrophin receptor) exclusively in retinal ganglion cells ([@b94-0061057]). Still, there are issues that remain: with four copies of any given gene, it is virtually impossible to completely knock out its expression. Instead, researchers have resorted to expressing dominant-negative mutations ([@b56-0061057]; [@b27-0061057]) that effectively inhibit the endogenous function of a gene, but are often non-specific, inhibiting more than a single gene product. In addition to the expression of dominant-negative mutations, RNA interference (RNAi) ([@b98-0061057]) and morpholinos ([@b119-0061057]; [@b125-0061057]) have been used successfully in *Xenopus* to knock down gene expression. What could prove to be an even better vertebrate model, especially for genetics, is the only diploid species of *Xenopus*, *Xenopus tropicalis* ([@b6-0061057]). Being diploid renders the *X. tropicalis* more amenable to genetic manipulations. Other than the difference in the number of copies of genes, these two species are quite similar. Thus, as a vertebrate model, *X. tropicalis* offers all the advantages of the *X. laevis* model without the experimental complications that are inherent to a polyploid genome. Hence, the *X. tropicalis* tadpole has been predicted to be the animal model of the future ([@b6-0061057]).

In conclusion, the *Xenopus* tadpole has been and continues to be a powerful and prolific model to study, at many levels, both normal and abnormal neural development. The ability to study developing neural circuits at these different levels and with high resolution allows the tadpole to contribute greatly to the identification of currently unknown targets to treat neurodevelopmental disorders in humans.
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